Abstract-Parallel operation of diode rectifier based highvoltage direct current (DR-HVDC) and modular multilevel converter (MMC) based HVDC (MMC-HVDC) for transmitting offshore wind energy is investigated in this paper. An enhanced active power control scheme of the offshore MMC station is proposed to improve the power flow distribution between the MMC-HVDC and DR-HVDC links which are both connected to the offshore wind farm AC network. By regulating the offshore voltage, all the wind powers are transmitted via the DR-HVDC link in low wind conditions while the offshore MMC power is controlled around zero to reduce transmission losses, considering the efficiency superiority of DR-HVDC over its MMC counterpart. When the DR-HVDC is out of service, wind energy is transferred via the MMC-HVDC and the wind turbine generated power is automatically limited by slightly increasing the offshore AC voltage to avoid potential MMC-HVDC overload. A power curtailment control is also proposed which slightly increases the DC voltage of the DR-HVDC to enable autonomous reduction of the generated wind power so as to avoid DR-HVDC overload during MMC-HVDC outage. The proposed coordinated control only uses local measurements and, without the need for communication, can seamlessly handle transitions including various faults. The proposed scheme enables fault ride-through operation and provides a high efficient solution with flexible operation for integrating large offshore wind farms. Simulation results confirm the proposed control strategy.
I. INTRODUCTION
Due to improved controllability and superior system performances, high-voltage direct current (HVDC) transmission systems based on modular multilevel converters (MMCs) are being used for integrating long distance offshore wind farms (OWFs) [1] [2] [3] . Many studies have been conducted on the control and operation of the offshore MMC station. One common approach is to use the offshore MMC to form the offshore AC grid with fixed frequency control [1, 2] . The dq reference frame is directly obtained by integrating the desired frequency (e.g. 50 Hz), whereas the q-axis output voltage
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reference of the MMC is directly set at zero and the d-axis voltage is actively regulated to control the offshore voltage magnitude. However, as the control scheme only contains voltage control loop with no current controllability, the offshore MMC stations could suffer overcurrents in the event of offshore AC faults.
To avoid overcurrents during faults, decoupled current controllers are introduced in [4] [5] [6] . The proposed current controllers are bypassed during normal operation but are activated once the currents are out of the predefined threshold to switch the offshore MMC to current control mode so as to limit the output currents. After fault clearance, the offshore MMC is switched back to the voltage control mode. However, the switching between voltage and current control modes can potentially lead to high transient currents [4] [5] [6] . To tackle this issue, the cascaded control structure with outer voltage loop and inner current loop is used in [3, 7, 8] to control both offshore voltage and current while avoiding control mode switching. However, the interaction between the voltage and the transmitted power was not investigated.
The diode rectifier (DR) based HVDC (DR-HVDC) systems have recently received notable interests for integrating large offshore wind farms [9] [10] [11] . By replacing the MMC offshore station with diode rectifier, the volume and weight of the offshore platform can be significantly reduced while in the meantime increasing the transmission capacity [9, 10] . In addition, it also leads to substantial reduction in the transmission losses and the total cost, e.g. 20% and 30% respective reductions as quoted in [9, 10] .
A voltage and frequency control of the offshore wind turbines (WTs) connected with DR-HVDC system is presented in [12] , which proves that such solution is technically feasible in steady states and transients. In [13] and [14] , various fault cases, including DC faults, symmetrical onshore and offshore AC faults, are tested and the fault ride-through capability of DR-HVDC is validated. However, each WT requires the measured voltage at the point of common connection (PCC), necessitating the need for high-speed communication. A distributed phase locked loop (PLL) based control is proposed in [15] to provide offshore AC voltage and frequency control, and share reactive power among WTs without communication.
With the developed controller, the system can ride-through onshore and offshore AC faults. A fast fault current injection control is further proposed in [16] to regulate the WT currents during fault transients and enable overcurrent and differential protection.
Due to MMC's superior controllability and the low losses This paper is a post-print of a paper submitted to and accepted for publication in IEEE Journal of Emerging and Selected Topics in Power Electronics and is subject to Institution of Electrical and Electronic Engineering Copyright. The copy of record is available at IEEE Xplore Digital Library.
and compactness of the diode rectifier, both MMC-HVDC and DR-HVDC can be used for offshore wind energy transmission and this paper aims to combines these advantages together. By interconnecting the offshore MMC and DR stations on the AC side, the wind energy can still be transmitted through the healthy HVDC link if the other HVDC links is out of service. This paper investigates such parallel operations of DR-HVDC and MMC-HVDC considering normal operation and various faults. The main contributions of this paper are:  An enhanced power control scheme of the offshore MMC station is proposed to improve the active power flow distribution of the parallel system. By regulating the offshore AC voltage, all the wind power is transmitted via DR-HVDC link in low wind conditions while the offshore MMC power is actively controlled at around zero to reduce transmission losses, considering the efficiency superiority of a DR station over its MMC counterpart.  An additional power limit control of the offshore MMC station is proposed to limit the power transmitted through the MMC-HVDC link when the DR-HVDC is out of service. By slightly increasing the offshore AC voltage, the WT generated power is automatically reduced to avoid overloading of the MMC-HVDC link.  The characteristics of the offshore power-voltage curve is derived to design the control of the parallel system, considering various operation modes of the offshore MMC station, i.e. active power control mode, voltage control mode, and power limiting mode.  A power curtailment control of the DR-HVDC is proposed which slightly increases its DC link voltage by controlling the onshore MMC to enable autonomous curtailment of the generated offshore wind power so as to avoid DR-HVDC overload during MMC-HVDC outage. The paper is organized as follows. The layout of the parallel system is described in Section II. In Section III, the offshore power-voltage characteristics and control requirements of WT converters connected with DR-HVDC system are addressed. The coordinated control strategy is proposed in Section IV. In Section V, the proposed coordinated control of the parallel system is assessed and finally, Section VI draws conclusions.
II. PARALLEL OPERATION OF DR-HVDC AND MMC-HVDC
The layout of the parallel connected DR-HVDC and MMC-HVDC systems for offshore wind power transmission is illustrated in Fig. 1 , where OWFs 1 and 2 contain 100 and 150 WTs each rated at 8 MW respectively. The wind energies generated by OWFs 1 and 2 are originally transmitted to onshore through the MMC-HVDC and DR-HVDC links, respectively. An additional AC cable Cab1 is used to interconnect the offshore MMC and DR stations on their AC sides to enable parallel operation. The half-bridge (HB) submodule (SM) based MMCs are adopted for the offshore and onshore MMC stations [17, 18] . The onshore stations MMC2 and MMC3 regulate their respective DC voltages. The DR station is composed of a 12-pulse DR bridge and filters are connected on its AC side for reactive power compensation and harmonic suppression [9, 19, 20] . The detailed parameters of the modelled HVDC stations are listed in Table I . The presented parallel operation, where two HVDC links are connected in parallel on AC sides, is similar with the "hub-andspoke" scheme proposed by ABB [21] and provides a viable option for offshore wind power transmission, considering the following features:  When a new wind power plant is developed in area next to an existing offshore wind farm which is connected to onshore through MMC-HVDC link [21] [22] [23] , DR-HVDC link with its offshore AC side connected to the existing offshore wind farm and MMC station in which the DR-and MMC-HVDC links operate in parallel, potentially provides a promising solution to reduce losses, volume and capital cost, while increase redundancy and availability. The newly built DR-HVDC link can reduce the cost by 30% compared to its MMC counterpart, as presented in [9, 10] .
 The newly built DR-HVDC link can have different DC voltage to that of the existing MMC-HVDC link, and thus the presented scheme enables parallel operation of DR-and MMC-HVDC links with different DC voltages.  With such parallel arrangements, when one HVDC link is out of service due to scheduled system maintenance, converter failure, or DC faults etc. [24] , the generated wind power can still be transmitted via the other HVDC link, enhancing the system reliability and availability [23] , as will be demonstrated in Sections V-B and V-C.  A challenge for DR-HVDC technology is the start-up of the 
pu
This paper is a post-print of a paper submitted to and accepted for publication in IEEE Journal of Emerging and Selected Topics in Power Electronics and is subject to Institution of Electrical and Electronic Engineering Copyright. The copy of record is available at IEEE Xplore Digital Library. offshore AC grid due to the unidirectional characteristics of DR station. By connecting MMC-HVDC and DR-HVDC on their AC sides, the offshore MMC station is capable of energizing the offshore grid and wind turbines. It can also actively compensate reactive power and suppress harmonics generated by the DR station if required, so as to reduce AC filter switching during the variation of wind speed [25] .  The scheme with two HVDC links can simultaneously supply offshore wind power to asynchronous onshore AC grids [26, 27] . This improves system operability during disturbance on one of the onshore AC networks. In addition, the power distribution between the two separate onshore AC grids can be actively controlled and optimized, e.g. for minimizing losses in the onshore AC grids [28] .  It makes easier for staged construction of the HVDC project by different developers [22, 23] . The system arrangement in Fig. 1 can have the following four operation modes during normal and various fault conditions for improved efficiency, reliability and availability: Mode 1: Parallel operation. Cab1 is connected, and the generated wind energies of OWFs 1 and 2 can be actively shared between the offshore MMC and DR stations. Mode 2: MMC-HVDC operation. The DR station is isolated from the AC side via circuit breaker B2 and the power generated by both OWFs are transmitted through the MMC-HVDC link. This can be the case when the DR-HVDC link is out of service, e.g. scheduled system maintenance, converter failure, or DC fault (F2), resulting in the disconnection of B2 to isolate the DR-HVDC system from the offshore AC network. Mode 3: DR-HVDC operation. The offshore MMC is isolated from the AC side via circuit breaker B1 and the generated wind power by both wind farms are transmitted through the DR-HVDC link. This can happen during MMC-HVDC outage, e.g. scheduled system maintenance, converter failure, or DC fault (F1), causing the opening of breaker B1 to isolate the MMC-HVDC system from the offshore AC network.
Mode 4: Independent operation. The interconnection cable
Cab1 is disconnected, e.g. during AC fault F3, which leads to the opening of breakers B5 and B6. The generated power of OWFs 1 and 2 are then transmitted through the MMC-HVDC and DR-HVDC links, respectively.
III. CHARACTERISTICS OF THE DR-HVDC SYSTEMS
A. Offshore P-V Characteristics Fig. 2 shows the equivalent circuit of the DR-HVDC link in diode conduction mode. During normal operation, the onshore station MMC3 controls its DC terminal voltage at the rated value Vdc0 and is thus represented in the equivalent circuit by a voltage source Vdc0. The total DC voltage VdcDR produced by the DR is expresses by the phase voltage amplitude of the offshore grid vd [15] :
where n is the transformer ratio, XT is the leakage reactance of the DR transformer, and IdcDR and PDR are the DC current and the transmitted power at the DC terminals of the DR respectively. From (1), the DC voltage produced by the DR is thus derived as From the equivalent circuit shown in Fig. 2 , there are
where Rdc is the equivalent resistance of the DC cables. From (3), VdcDR is expressed as
From (2) and (4), the transformer ratio n is governed by
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where PDR0 is the rated power of the DR-HVDC link and Vd0 is the rated phase voltage amplitude of the offshore grid. Setting the DR interface transformer ratio n according to (5) , the DR station transmits the rated power of PDR0 when the offshore voltage is at the rated value Vd0.
B. Control Requirements of WTs Connected with DR-HVDC Systems
In the event of offshore MMC station outage, the system operates on DR-HVDC mode and the offshore AC voltage is controlled by WT front-end converters (FECs) as presented in Fig. 3 [15] . As seen, the reference of the offshore voltage amplitude 
IV. ENHANCED POWER FLOW CONTROL OF THE PARALLEL SYSTEM WITH DR-HVDC AND MMC-HVDC
Despite the aforementioned advantages, one particular challenge for the parallel system is the precise control of power distribution between the DR-HVDC and MMC-HVDC links. If the offshore MMC station controlled the offshore voltage at a constant value as in conventional approaches [31] , the power transmitted through the parallel connected DR-HVDC would be fixed. To actively control the power flow of the DR-HVDC link, additional power controllers are proposed for the offshore MMC station to slightly adjust the offshore voltage so as to precisely share active power between the two HVDC links.
Similar to the WT FECs, the offshore MMC station also has active power controller, reactive power controller, voltage controller, and current controller, as illustrated in Fig. 4 . With the developed control strategy, the offshore MMC shares the responsibility for offshore grid regulation with the WTs, which significantly improves the offshore AC voltage controllability of the parallel system.
In the proposed control scheme, the offshore MMC station operates on either power control mode or voltage control mode to ensure power sharing between the parallel connected MMC and DR stations to reduce transmission losses. 
A. Active Power Control Mode
In low wind conditions, where the total power generated by OWFs 1 and 2 is lower than the rated power of the DR station, the active power Controller 1 with reference * MMC P set at zero is activated while Controller 2 saturates, as shown in Fig. 4 (a) . The offshore MMC station operates on active power control mode and the power flow of the MMC-HVDC link is controlled around zero by regulating the offshore AC voltage magnitude which indeed affects the power transmitted by the DR-HVDC system. Thus, all the wind power is transmitted to onshore via the DR-HVDC link to minimize transmission power losses, considering the relatively higher efficiency of the DR station compared to its MMC counterpart.
Considering the DC voltage is maintained at Vdc0 at the onshore DC terminal, the offshore AC voltage threshold Vth when DR station starts to conduct can be derived from 
When the WT generated power is zero, the offshore grid voltage needs to be lower than Vth to avoid the conduction of DR and possible circulating power between the DR-HVDC and MMC-HVDC links.
1) System start-up:
As shown in Fig. 4 
where V0 is the start-up voltage and is set at 0.85Vd0; (6) , DR is reverse blocked. The total transmitted power transmission between the offshore and onshore grids is thus zero.
2) DR conducting stage:
With the increase of the wind speed, the WTs start to generate power and the offshore grid voltage is increased from 0.85Vd0 by the WT control strategy illustrated in Fig. 3 . Once the offshore network voltage is greater than the threshold voltage Vth, the diode rectifiers conduct to transmit power and the DC voltage of the diode station VdcDR is thus derived as:
When the DR station transmits rated power PDR0, the offshore voltage is regulated at the rated Vd0:
From (6), (8), and (9) as well as the parameters as illustrated in Fig. 1 , it can be derived that the threshold voltage Vth is around 0.9 pu, i.e. 0.9Vd0. With the variation of active power from zero to the rated value, the offshore voltage can be maintained within the safety operating region and is largely in the range of 0.9~1 pu, due to the low resistance of DC cable and constant DC voltage at the onshore MMC terminal.
At low wind power generation, Controller 1 with 
B. Voltage Control Mode
When the generated wind power exceeds the capacity of the DR-HVDC system, the transmitted power of DR station reaches the rated value PDR0 and the surplus wind energy needs to be transmitted through the MMC-HVDC link. As * MMC P is set at zero, the active power Controller 1 of the offshore MMC saturates and outputs the lower limit
which is set at -0.15Vd0. Thus the MMC station operates on voltage control mode and regulates the offshore voltage at rated value:
(11) As seen, both the active power controllers saturate and the offshore MMC autonomously and seamlessly transfers from power control mode to voltage control mode without the need for communication or operation mode detection. The DR station operates with rated power PDR0 while the extra generated power is transmitted to onshore via the MMC-HVDC link:
where PF1 and PF2 are the active power generated by OWFs 1 and 2, respectively. From (10) and (12), the relationship between the offshore voltage and the total transmitted power Pto can be expressed by (13) and is also illustrated in Fig. 5 (c). 
C. Active Power Limiting Control in Mode 2
In MMC-HVDC operation (Mode 2), the DR station is isolated from the offshore network and the power from both OWFs 1 and 2 is transmitted to the onshore through the MMC-HVDC link, which can be higher than MMC's transmission capability. The active power Controller 2 as shown in Fig. 4 (a) is thus proposed to automatically reduce the generated wind power and avoid overloading of the MMC-HVD link.
As shown in Fig. 4 (a) , with the power reference * MMC P set at 1.05 pu, the output of Controller 2 of the offshore MMC1 saturates at the upper limit of zero during normal operation and does not involve in the offshore voltage regulation. Once the MMC power is over 1.05 pu, Controller 2 activates and slightly increases the offshore AC voltage. Consequently, the active power controllers of the WTs saturate and the WTs operate on voltage control mode. Without communication, the power generated by WTs is automatically reduced and the potential overloading of the MMC-HVDC system is avoided, as shown in Fig. 5 (b) . To alleviate the WT DC overvoltage and avoid over-speed of WT generators, pitch control is adopted to reduce the captured wind energy [32, 33] . DC chopper can also be used to dissipate the generated surplus wind power [34, 35] .
The offshore MMC regulates the offshore network voltage to enable enhanced power sharing between the DR-HVDC and MMC-HVDC links. The coordinated control between the offshore MMC and WTs relies on the local measurements without any communication requirement. The proposed control scheme can seamlessly handle transitions between active power control and voltage control modes as well as various faults for the parallel system, as will be demonstrated in Section V. This paper is a post-print of a paper submitted to and accepted for publication in IEEE Journal of Emerging and Selected Topics in Power Electronics and is subject to Institution of Electrical and Electronic Engineering Copyright. The copy of record is available at IEEE Xplore Digital Library.
D. Power Curtailment Control by Onshore Station MMC3 in Mode 3
In DR-HVDC operation (Mode 3), the offshore MMC station is isolated from the offshore grid and the wind powers generated by both OWFs 1 and 2 are transmitted via the DR-HVDC link. The maximum power transmission capability of the system is thus reduced to 0.6 pu for the considered configuration. To avoid overloading of the DR-HVDC link, a power curtailment control for the onshore MMC3 is presented in Fig. 6 , where an additional DC current loop is adopted to increase the DC voltage Vdc once DC overcurrents occur. As shown, if the DC current Idc is lower than the pre-set maximum DC current order * dc I (e.g. 1.1 pu), the input of the PI controller is limited at zero by the dead zone block such that the DC voltage order * dc V for the onshore MMC3 of the DR-HVDC is at the rated value. If Idc exceeds the maximum value, the PI controller generates a positive output to slightly increase the DC voltage of the DR-HVDC so the power transmitted from the DR and WTs is automatically limited. In the meantime, the WTs will limit the generated power through pitch control [32, 33] . 
E. Reactive Power Sharing Control 1) Control design
In addition to AC side filters, the offshore MMC and WT converters can compensate the reactive power consumed by the DR station. To share the required reactive power among the offshore MMC station and WTs, reactive power frequency (Qf) droop control as shown in Fig. 4 
where 0 is the rated frequency of the offshore network, kQ is the droop gain, and Q is the reactive power. The per-unit value of the reactive power of each WT and offshore MMC1 is measured and fed to the frequency loop for reactive power sharing (proportional to their own capacity). The offshore network frequency  is derived by PLL and fed to the frequency loop, which sets the q-axis voltage reference * q v to regulate the offshore AC frequency [15] .
2) Operating principle for reactive power sharing
To illustrate the operating principle of the reactive power sharing control, a single-phase representation of the system is shown in Fig. 7 (a) , where VMMC is the amplitude of the voltage at the MMC AC terminal whose phase angle is taken as the reference (zero), Vi and θi (i=1, 2, …, h) are the respective output voltage amplitude and phase angle of the FEC of the ith WT, and Xi is the equivalent reactance between the ith WT and the MMC AC terminal.
Assuming the reactive power Q1 of WT 1 is greater than the average reactive power of other WTs and the offshore MMC station (in per unit terms) and is required to be reduced, the frequency reference 1 * of WT 1 is higher than that of other WTs due to the reactive power frequency (Q-f) droop control depicted by (14) . Consequently, the phase difference θ1 between V1 and VMMC (phase angle of VMMC is used as the reference) increases. The voltage amplitude VMMC at the MMC AC terminal is determined by the transmitted active power PdcDR as depicted by (15) and remains unchanged:   2  0  0  0   3  3  1  3  18  3  2  4 3 The active power output P1 of WT 1 tends to increase due to the increased angle θ1 as governed by (16) . In the meantime, the increase of P1 causes the active power controller to reduce the output voltage V1 to ensure P1 unchanged. The reactive power Q1, as expressed as (17), is thus reduced, yielding shared reactive power among the offshore WTs and MMC station. The relationships of the different variables are graphically shown in Fig. 7 (b) for ease of understanding.
The proposed control scheme is assessed using the model shown in Fig. 1 in PSCAD X4 , where OWFs 1 and 2 are represented by 4 and 6 lumped converters each rated at 200 MW respectively. Thus, a total of 10 WT converters are considered in this paper and small-signal modelling method is used for tuning WT control parameters, where the eigenvalues of the linearized small-signal model are calculated and suitable parameters of the converter controllers are obtained to ensure dynamic stability [5, [38] [39] [40] . The generator-side converter is simplified as a DC voltage source of 1100 V [12, 14, 41] while the aggregated FECs and the DR station are represented by detailed switching models. The MMC stations are represented by detailed submodule-based switching function model [42] . The combined system time delay introduced by sampling, calculation, and modulation is 63 µs, 63 µs, 36 µs, and 750 µs for MMC1, MMC2, MMC3, and WT converters, respectively [43, 44] . Fig. 8 presents simulation results with the proposed power flow control. Initially, the output power of the WTs is zero as shown in Fig. 8 (c) , and the offshore voltage is controlled around 0.85 pu, as seen in Fig. 8 (a) . At t=1 s, the wind power ramps up to 0.6 pu within 0.2 s by increasing the voltage as observed in Fig. 8 (d) , and the offshore AC voltage is gradually
A. Power Flow Regulation in Parallel Operation (Mode 1)
This
increased to around the rated value. With the proposed power flow controller, the DR-HVDC has the priority to transmit wind power over the MMC-HVDC to reduce transmission losses. The first 1.2 GW wind power is all transmitted via DR-HVDC link while the offshore MMC operates on power control mode with its active power regulated at zero, as shown in Fig. 8 (b) and (c). The wind power is further increased to the rated value during the period of 2 s to 2.2 s. The active power Controller 1 in Fig.  4 saturates and sets the voltage reference at 1 pu, as shown in Fig. 8 (a) . MMC1 then operates on voltage control mode and starts to transmit the excessive power which exceeds the power capability of the DR station, Fig. 8 (b) . The base power of the DR and MMC stations are set at 1200 MW and 800 MW respectively and thus their power both reach 1 pu when the WTs generate the rated power. As shown in Fig. 8 (f) , reactive power is automatically shared between the offshore MMC and WT converters. The three-phase currents of WTs in Fig. 8 (e) are in agreement with the generated active and reactive power as displayed in Fig. 8 (c) and (f). As can be seen, during variation of generated wind power, the offshore MMC automatically changes operation modes without communication. The transition of the operation modes is smooth and the parallel system does not experience severe disturbance. The proposed control strategy achieves the desired power flow sharing between the DR-HVDC and MMC-HVDC links, leading to reduced transmission losses.
B. DC Fault on MMC-HVDC Link (Mode 3)
In this scenario, a pole-to-pole DC fault is applied at the middle MMC-HVDC cable at t=0.9 s.
As shown in Fig. 9 (c) , the DC voltage of the MMC-HVDC collapses following the fault and the offshore and onshore MMC stations are quickly blocked at t=0.901 s [45] [46] [47] [48] . Due to the DC fault, the offshore AC voltage (measured at WT AC terminals) also drops and the offshore frequency experiences disturbance, as displayed in Fig. 9 (h) and (i) . The WT converters thus provide fault currents to support the AC voltage and enable fault detection, which largely flow through the antiparallel diodes of the MMC and feed the fault, as seen from Fig. 9 (j) . The AC currents of the offshore MMC is increased from 1 pu to around 2.8 pu after the fault occurrence. AC circuit breaker B1 is thus opened according to overcurrent protection to isolate the DC fault (assuming at t=1.04 s for illustration) from the offshore wind farm AC network. The offshore voltage gradually restores due to AC voltage control of the WT converters as can be seen in Fig. 9 (i) . Both OWFs 1 and 2 transfer power via DR-HVDC link and once the DR-HVDC current is over the threshold of 1.1 pu, the proposed power curtailment control is activated on the onshore MMC3 to slightly increase the DC voltage of the DR-HVDC from 1 pu to 1.07 pu, as seen from Fig. 9 (a) and (b) , respectively. This leads to the saturation of WTs' active power controller as shown in Fig. 9 (f) , which sets the WT voltage reference * dWT v at the upper limit (1.05 pu in this paper). The WTs thus operate on voltage control mode and limit the voltage at 1.05 pu, see Fig. 9 (g) , and consequently, the active power of WTs is decreased from 1 pu to 0.7 pu, as seen from Fig. 9 (f) . The proposed method considers the unique characteristics of DR-HVDC system that its transmitted wind power is sensitive to the DC voltage and slight DC voltage increase can significantly reduce the generated wind power. Considering such characteristics and insulation requirements, the upper limit * dc V  of the proposed power curtailment controller in Fig. 6 is set at 0.1 pu. The active power of the DR-HVDC link is thus effectively limited to 1.2 pu, as displayed in Fig. 9 (e). Due to the parallel connection, faults on one HVDC link also result in active power drop of the other link. However, after fault isolation by opening the corresponding AC circuit breaker, power transmission by the healthy HVDC link quickly restores and the generated active power of both wind farms can be 
transmitted to onshore networks. Without communication, the generated wind power is automatically reduced after MMC-HVDC faults and the potential DC overcurrents of the DR-HVDC link are thus avoided. To avoid over-speed of the WT generators, the WTs need to limit the power through pitch control [32, 33] .
C. DC Fault on DR-HVDC Link (Mode 2)
A DR-HVDC fault F2 is applied at the middle of the DC cable at t=0.9 s and the DR-HVDC voltage collapses following the fault, as can be seen in Fig. 10 (a) . To restore the offshore AC voltages, the voltage controller of the offshore MMC actively increases the q-axis current and reduces the d-axis current, Fig. 10 (f) . The active power of the offshore MMC is thus reduced to around zero during the fault, as displayed in Fig.  10 (g) . Different to the fault case considered at the DC side of the MMC-HVDC described earlier, where only WT converters provide fault currents, the offshore MMC station also outputs fault currents of 1.1 pu to enable fault detection and support the offshore voltage, which still remains around 0.6 pu during the fault, as shown in Fig. 10 (d) , (e), and (f). The fault currents provided by MMC and WT converters ( Fig. 10 (e) and (l)) flow through the DR station and feed the fault. The DR-HVDC currents and breaker B2 currents thus increase from 1 pu to around 2.6 pu, as shown in Fig. 10 (b) and (c), and breaker B2 opens at t=1.04 s to isolate the DC fault from the offshore AC network using overcurrent protection. The current of 2.6 pu during the DC fault is well within the typical overcurrent capability of diodes and does not expose the DR station to overcurrent damage.
After fault isolation, the wind energy generated by OWFs 1 and 2 are transmitted to onshore through the MMC-HVDC link and once the transmitted power is over the threshold of 1.05 pu, the proposed Controller 2 is activated to slightly increase the offshore voltage, as shown in Fig. 10 (d) . As a result, the WTs' active power control loops saturate and set the voltage reference at the upper limit of 1.05 pu as shown in Fig. 10 (j) and (k), as the reference voltage of the offshore MMC has priority and is higher than that of WTs. The WTs operate on voltage control mode while the WT active power PWT does not follow the reference * WT P and is automatically reduced to 0.42 pu (see Fig.  10 (j) ), due to the higher offshore AC voltage set by the offshore MMC station. The transmitted power through the MMC-HVDC link is thus limited to 1.05 pu as shown in Fig. 10 (g) , and the potential overcurrent issue in MMC-HVDC operation is avoided. The WTs exhibit different behaviors as conventional ones due to the adopted intermediate voltage control loop as shown in Fig. 3 , which actively limits the generated power, as detailed in [15] .
The back-calculation anti-windup method is used in this paper to prevent integration wind-up in PI controllers when the actuators are saturated. Once the MMC power is over the threshold of 1.05 pu after the isolation of DR-HVDC faults, the output of Controller 2 immediately starts to decrease from its upper limit of zero due to the anti-windup function, where a feedback loop is adopted to discharge the Controller 2's internal integrator when the controller hits the specified saturation limit of zero and enters nonlinear operation. This is confirmed by Fig. 10 (e) , which demonstrates that the AC currents of the offshore MMC are effectively limited to around the rated value by the proposed control and normal operation is quickly restored after fault isolation.
During the entire simulation scenario, the reactive power are shared among the offshore MMC and WT converters and the offshore frequency is largely controlled around the rated value of 50 Hz, as shown in Fig. 10 (h) and (i), respectively. 
As shown in Fig. 11 (a) , the offshore AC voltage drops to around 0.1 pu after the solid fault F3 at the interconnection cable Cab1 at t=0.9 s. Both the active power and voltage control loops saturate and thus set the d-axis current reference at its limit. Therefore, both the offshore MMC and WTs operate on current limiting mode to provide fault currents so as to support the offshore network and enable fault detection, as displayed in Fig. 11 (b) . At t=1.04 s, breakers B5 and B6 open to isolate the fault and then the MMC-HVDC and DR-HVDC systems operate independently. With the developed control strategy, the offshore voltages of the two isolated offshore networks both restore quickly following the fault isolation and can be properly controlled by the MMC and WTs respectively, as seen from Fig. 11 (i) and (ii) . The generated power of OWFs 1 and 2 is thus transmitted to onshore via the MMC-HVDC and DR-HVDC links, respectively. The offshore frequency experiences disturbance during the fault and gradually recovers after fault isolation, as shown in Fig. 11 (c) .
E. Efficiency Evaluation
To further demonstrate the efficiency superiority of the proposed scheme, the loss evaluations of the tested model with parameters listed in Table I are carried out using the methods as detailed in [49] [50] [51] . The semiconductor losses are obtained according to the currents in the simulation and the characteristics of the semiconductor devices [52] . The latter are derived from the datasheet provided by the manufacturer [53, 54] and are stored in a lookup table.
On DR operation, all the generated wind power is transmitted through the DR-HVDC link with the proposed control. When transmitting rated power of 1200 MW, the loss of the offshore DR station is 5.8 MW, leading to an efficiency of 99.5%, which is higher than the typical efficiency of MMCs (approximately 99%) [55] . The power losses of the offshore DR (1200 MW) and MMC (800 MW) on parallel operation are 5.8 MW and 7.3 MW, respectively, leading to an overall efficiency of 99.3%. The proposed coordinated control significantly reduces power losses, where the DR-HVDC has the priority to transmit wind power considering the higher efficiency of DR-HVDC compared to its MMC counterpart.
VI. CONCLUSION
DR-HVDC and MMC-HVDC are proposed to transmit offshore wind power where the two DC links operate in parallel with the offshore MMC and DR stations both connected to the offshore wind farm AC network. An enhanced active power control scheme of the offshore MMC station is proposed to improve the power flow distribution between offshore MMC and DR stations during parallel operation. By regulating the offshore voltage, all the wind powers are transmitted via DR-HVDC link in low wind conditions while the offshore MMC power is controlled around zero to reduce transmission losses. In high power condition, the offshore MMC controls the offshore AC voltage at the rated value and shares wind energy transmission with the DR-HVDC link. To deal with the operation of single HVDC link when the other DC link is out of service due to scheduled shutdown, faults etc., coordinated control strategies have been proposed to automatically curtail the generated wind power to avoid potential overload of either the DR-HVDC or MMC-HVDC link. The proposed coordinated control does not rely on communication and can seamlessly handle transitions due to the change of operation conditions and faults. The proposed scheme provides a high efficient solution with flexible operation for integrating large offshore wind farms. He is a researcher with University of Strathclyde in Glasgow, UK, since 2008. His research interests are fault tolerant voltage source converters for HVDC applications; modelling and control of HVDC transmission systems and multi-terminal HVDC networks; voltage source converter based FACTS devices; and grid integration issues of renewable energies.
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